Hippocampal principal cell (PC) assemblies provide the brain with a mnemonic representation of space. It is assumed that the formation of cell assemblies is supported by long-lasting modification of glutamatergic synapses onto perisomatic inhibitory interneurons (PIIs), which provide powerful feedback inhibition to neuronal networks. Repetitive activation of dentate gyrus PIIs by excitatory mossy fiber (MF) inputs induces Hebbian long-term potentiation (LTP). In contrast, long-term depression (LTD) emerges in the absence of PII activity. However, little is known about the molecular mechanisms underlying synaptic plasticity in PIIs. Here, we examined the role of group I metabotropic glutamate receptors 1 and 5 (mGluRs1/5) in inducing plastic changes at MF-PII synapses. We found that mGluRs1/5 are located perisynaptically and that pharmacological block of mGluR1 or mGluR5 abolished MF-LTP. In contrast, their exogenous activation was insufficient to induce MF-LTP but cleared MF-LTD. No LTP could be elicited in PIIs loaded with blockers of G protein signaling and Ca 2+ -dependent PKC. Two-photon imaging revealed that the intracellular Ca 2+ rise necessary for MF-LTP was largely mediated by Ca 2+ -permeable AMPA receptors (CP-AMPARs), but less by NMDA receptors or mGluRs1/5. Thus, our data indicate that fast Ca 2+ signaling via CP-AMPARs and slow G protein-mediated signaling via mGluRs1/5 converge to a PKC-dependent molecular pathway to induce Hebbian MF-LTP. We further propose that Hebbian activation of mGluRs1/5 gates PIIs into a "readiness mode" to promote MF-LTP, which, in turn, will support timed PII recruitment, thereby assisting in PC assembly formation.
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hippocampus | parvalbumin | basket cell | GPCR R eorganization of hippocampal principal cell (PC) assemblies during spatial learning is supported by the timed recruitment of GABAergic cells, specifically parvalbumin (PV)-expressing perisomatic inhibitory interneurons (PIIs) (1, 2) . Dentate gyrus (DG) PIIs are excited by glutamatergic granule cells (GCs) via mossy fiber (MF) synapses, which can undergo activity-dependent synaptic plasticity (3, 4) . Indeed, after long-term potentiation (LTP), a single MF input can reliably activate PIIs (4), indicating that MF-LTP may influence spatial representation in the DG (2, 5) .
Hebbian MF-PII LTP requires precisely timed pre-and postsynaptic activity (4) . It is induced in the PII but is expressed presynaptically (3) . MF-LTP requires strong intracellular Ca 2+ elevation and activation of Ca 2+ -permeable AMPA receptors (CP-AMPARs), but, in contrast to Hebbian LTP at CA1 PII inputs (6) , it is independent of NMDA receptors (NMDARs) (4) , suggesting that CP-AMPARs could provide the required Ca 2+ rise for plasticity induction (7, 8) . However, recent investigations have proposed a role for group I metabotropic glutamate receptors (mGluRs) in the induction of CP-AMPAR-dependent interneuron plasticity (9) (10) (11) (12) (13) . Indeed, a Hebbian form of CP-AMPARdependent LTP at glutamatergic synapses onto somatostatin (SOM)-expressing CA1 stratum oriens/alveus (O/A) interneurons and at MF inputs onto CA3 interneurons requires mGluR1α activation (9, 11) . Furthermore, mGluR1α and mGluR5 contribute to LTP at PC inputs on O/A interneurons, including oriens-lacunosum/moleculare (O-LM) cells (10) , but induce long-term depression (LTD) in CA1 fast-spiking GABAergic cells (12) . Whether mGluRs1/5 are expressed in hippocampal PV-PIIs remained controversial (14, 15) , and their contribution to plasticity in PV-PIIs is unknown. Using whole-cell recordings of GCs paired to PV-PIIs and quantitative immunoelectron microscopy, we show that mGluRs1α/5 are expressed in DG PVPIIs, contribute to Hebbian LTP, and suppress LTD at their MF inputs. Two-photon (2P) imaging further revealed the main Ca 2+ sources and Ca 2+ -mediated molecular cascades for MF-LTP induction. Finally, we identify one major molecular mechanism underlying the emergence of MF-LTP.
Results
LTP and LTD Are Independent Processes at MF-PII Synapses. To examine the mechanisms underlying MF-LTP, we performed GC-PII paired whole-cell recordings in rat DG slices (Fig. 1 ). PIIs were identified by their low-input resistances, high-frequency discharges (>100 Hz) upon positive current injection (4), and characteristic axon distributions in the GC layer (Fig. 1A) . In a subset of PIIs, PV expression was confirmed using antibody labeling (27 of 31 cells; Fig. 1A ). Plasticity was induced at MF-PII synapses by applying a 30-Hz associative burst-frequency stimulation (aBFS) of presynaptic MFs paired with postsynaptic action potentials (APs) (3, 4) (Fig. S1B ), thereby reproducing gamma activity (30-70 Hz) observed in the DG in vivo (1). Synaptic Significance During spatial learning, hippocampal fast-spiking inhibitory cells couple dynamically to excitatory principal cell (PC) assemblies that encode locations in the animal's environment. Repeated coactivation of highly active PC assemblies and fast-spiking interneurons strengthens their synaptic connections and promotes silencing of less active neurons, thereby stabilizing the active assembly. Here, we show that synaptic plasticity between excitatory dentate gyrus granule cells and fast-spiking interneurons requires coincident activation of postsynaptic Ca 2+ -permeable AMPA and group I metabotropic glutamate receptors. Both jointly activate postsynaptic PKC to induce long-term synaptic plasticity. In the future, understanding the cellular and molecular mechanisms underlying synaptic plasticity between PCs and interneurons in vitro will enable us to study its role in memory formation in vivo.
plasticity was quantified as the baseline normalized change in amplitude of unitary excitatory postsynaptic currents (uEPSCs) 15-20 min after the aBFS ( Fig. 1 B and C) . The aBFS resulted in a posttetanic potentiation (PTP; 361.66 ± 65.33% of baseline 0-30 s after the aBFS; P = 0.007), followed by LTP (168.89 ± 25.59% of baseline, six pairs; P = 0.045; Fig. 1B ). Similar results were obtained when PIIs were intracellularly loaded with 100 μM spermine to compensate possible washout of polyamines (10) (Fig. S1D ), confirming our previous investigations under an unperturbed intracellular PII milieu (3, 4) . Similar results were also obtained with extracellularly evoked EPSCs (PTP: 373.35 ± 37.39%, LTP: 172.77 ± 22.95%, 25 PIIs; P = 0.01; Fig. 1D ) blocked by (2S,2′R,3′R)-2-(2′,3′-Dicarboxycyclopropyl)glycine (DCG-IV; 0.5 μM, 40.28 ± 5.71%, 11 of 11 PIIs; Fig. 1D and Fig.  S1C ), confirming their MF-mediated nature. In contrast, a nonassociative BFS (nBFS) protocol comprising GC activation while holding the PII at −70 or −90 mV (4) failed to induce LTP. The uEPSCs fell below baseline within 10 min after the nBFS, resulting in LTD (68.16 ± 9.66%, 10 pairs; P = 0.01; Fig. 1 B and  C) . Thus, LTP at MF-PII synapses depends on PII discharges.
To test whether LTD and LTP influence each other, we first applied an nBFS to GC-PII pairs to induce LTD and an aBFS 20 min thereafter (Fig. 1E ). We observed a marked LTP which was indifferent to naive MF-PII synapses (156.02 ± 10.02% relative to the preceding LTD, three pairs; P = 0.668; Fig. 1F ). Next, we changed the order of protocols and applied an nBFS 20 min after LTP induction. The resulting LTD was similar to naive terminals (65.29 ± 10.22% relative to preceding LTP, four pairs; P = 0.824; Fig. 1E ). Thus, unlike bidirectional interference of LTD and LTP at CP-AMPARs containing GC-stratum lucidum interneuron contacts in CA3 (16) , in which presynaptic mGluR7 is involved (16) , DG MF-PII synapses seem to alternate between both forms of plasticity irrespective of their synaptic history.
MGluRs1α/5 Are Located in the Vicinity of MF-PII Synapses. MGluR1α is highly expressed in hippocampal SOM interneurons (15) , and single-cell RT-PCR indicated the presence of mRNA encoding mGluRs1α/5 in CA1 fast-spiking interneurons (17) . Whether mGluR1α is expressed in PV-PIIs remained controversial (14, 15) . We therefore performed double-immunofluorescence labeling for PV and mGluR1α or for PV and mGluR5 (Fig. 2) . Immunoreactivity for both mGluR types colocalized with PV + somata and dendrites in the hilus and GC layer ( Fig. 2 A and B) . However, labeling intensity was weaker for mGluR1α in PV + than in PV − , presumably SOM + , cells (15) . Labeling of MGluRs1α/5 was also found in CA1 and CA3 PV + cells, suggesting that both receptors are expressed in PV-PIIs throughout the hippocampus (Fig. S2) .
To confirm the expression of mGluRs1α/5 at basal PV + dendrites, the contact site of MFs (7), we performed double-labeling quantitative immunoelectron microscopy (18) (Fig. 2 C-F) . When PV was visualized with immunogold and mGluR1α or mGluR5 was visualized with immunoperoxidase, we consistently found peroxidase reaction end product in hilar PV + dendritic profiles ( Fig. 2 C and D) . Conversely, when PV was labeled with immunoperoxidase and mGluR5 was labeled with immunogold, we consistently detected dense (12.44 ± 2.89 particles per square micrometer) immunogold labeling at membranes of PV + dendrites (Fig. 2E ). We reconstructed PV + dendrites in three dimensions from serial ultrathin sections to examine mGluR5 distribution relative to asymmetrical synaptic contacts (seven dendritic segments; Fig. 2 F and G). The densest mGluR5 labeling was found at a distance of 0-60 nm from the edges of postsynaptic densities (PSDs; 23.4% of all particles), with few particles within PSDs (2.65%) (19) and a rapid decline of particles at distances of 60-300 nm, consistent with a perisynaptic location (15) (Fig. 2G ). Membrane-associated immunogold particles labeling mGluR1α were seen in PV + dendrites near asymmetrical synapses, but their density was too sparse to be quantified. Thus, mGluRs1α/5 are expressed in DG PV-PIIs near putative MF synapses, suggesting that their activation by glutamate spills over during burst activity of GCs (1, 20) .
MGluR1/5 Activation Is Needed but Not Sufficient for MF-LTP. To test the requirement of mGluRs1/5 for Hebbian MF-LTP induction, we applied an aBFS to GC-PII pairs in the presence of 2-Methyl-6-(phenylethynyl)pyridine hydrochloride (MPEP; 10 μM) or LY367385 (100 μM), which are selective antagonists of mGluR5 and mGluR1α, respectively (Fig. 3 ). In the presence of MPEP, a substantial PTP (344.19 ± 55.67% of baseline; P = 0.046) was followed by LTD instead of LTP (72.64 ± 10.2% of baseline, five Mean long-term plasticity elicited by an nBFS (black) and an aBFS (gray) when applied either first or second in a given pair. Bars represent six, three, three, and four pairs, respectively (left to right). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; n.s., not significant (P > 0.05). Bars and circles with lines denote mean ± SEM.
pairs; P = 0.044; Fig. 3A) . A loss of LTP was also obtained with LY367385 (83.79 ± 11.07% of baseline, five pairs; P = 0.63; Fig.  3A ) or with the coapplication of both antagonists (89.25 ± 3.23% of baseline, four pairs; P = 0.13; Fig. 3 B and E and Fig. S3A ). To confirm that synapses would have shown plasticity in the absence of blockers, we washed out the antagonists for >20 min and applied a second aBFS in the same GC-PII pair (Fig. 3B) . MF-LTP after washout was not different from naive synapses (198.57 ± 36.76%, four pairs tested; P = 0.512; Fig. 3E ). Thus, preventing mGluR1 or mGluR5 activation blocks Hebbian MF-LTP.
Is activation of mGluRs1/5 sufficient to induce MF-LTP? We bath-applied the mGluRs1/5 agonist (S)-3,5-dihydroxyphenylglycine (DHPG; 100 μM) for 10 min and recorded extracellularly evoked MF-EPSCs in PIIs. EPSC amplitudes were reversibly reduced (Fig. 3C) . Similar results were obtained when DHPG was paired with PII burst discharges at 30 Hz (Fig. S3 D, F , and G), indicating that mGluRs1/5 without CP-AMPAR activation did not induce LTP. Moreover, Hebbian MF-LTP could not be boosted further in the presence of DHPG (143.15 ± 21.17%, four PIIs; P = 0.975; Fig. S3C ), suggesting that DHPG cannot supersede or occlude endogenous activation of mGluRs1/5. Finally, we asked whether mGluRs1/5 may influence MF-LTD by applying an nBFS in the presence of DHPG (Fig. 3D) . Unlike control pairs, uEPSC amplitudes declined back to but not below baseline (106.88 ± 5.98%, seven pairs; P = 0.22; Fig. 3E) , showing that activation of mGluRs1/5 prevented MF-LTD (P = 0.008). Similar results were obtained when 100 μM DHPG was transiently applied during the nBFS, indicating that mGluR activation blocks MF-LTD induction rather than its maintenance over time (Fig. S3 E and G) .
In summary, group I mGluRs are required but not sufficient for MF-LTP. By supporting LTP and preventing LTD, mGluRs1/5 may act as a switch setting MF-PII synapses into a "readiness mode" for synaptic potentiation. (Fig. 4) . PIIs were intracellularly loaded with the Ca 2+ indicator Fluo-5F (Invitrogen) and with Alexa Fluor 594 (Invitrogen). EPSCs were evoked at basal PII dendrites by extracellular stimulation of MFs, imaged at the dendrite, and recorded at the PII soma (Fig. 4A) . Focal dendritic Ca 2+ transients had a half-width of 6.2 ± 0.18 μm (Fig. S4D ) similar to neocortical interneurons (23). We positioned a line scan traversing the center of the putative postsynaptic location to compare Ca 2+ rises evoked by a single burst of MF stimulation (nBFS), a single burst of the LTP induction protocol (aBFS), and a burst of somatically evoked backpropagating APs (25 spikes, 30 Hz; Fig. 4B ). Signal amplitudes were stable throughout recordings and were neither affected by indicator saturation, as verified with the low-affinity Ca 2+ indicator Fluo-4FF (Invitrogen; Figs. S4C and S5J), nor influenced by washout of intracellular polyamines (Fig. S5I) . MF-mediated Ca 2+ rises [44.15 ± 5.63% peak fluorescence change (ΔG/R), 28 PIIs; Fig. 4 B and C, red] were 2.6-fold larger than signals induced by spikes via VDCCs (16.82 ± 2.8%ΔG/R, 28 PIIs; P = 0.001; Fig. 4 B and C, blue) and only smaller than the ones evoked by the aBFS by a factor of 0.8 (57.95 ± 7.99% ΔG/R, 28 PIIs; P = 0.001; Fig. 4 B and C, black) . Thus, the relevant Ca 2+ sources for MF-LTP are postsynaptic receptors.
Next, we determined the relative contribution of ionotropic and metabotropic GluRs by measuring synaptically evoked Ca 2+ signals in the presence of AP5, LY367385/MPEP, 6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX), or the specific CP-AMPAR blocker 1-Naphthyl acetyl spermine trihydrochloride (NASPM) (Fig. 4D and Fig. S5D ). Consistent with low expression of NMDARs in PIIs and their dispensability in MF-LTP (4), AP5 reduced synaptic Ca 2+ signals moderately to 65.72 ± 6.27% of controls (11 PIIs; P = 0.002; Fig. 4D ). CNQX or NASPM markedly diminished Ca 2+ transients to 35.62 ± 7.03% (10 PIIs; P = 0.004) and 33.68 ± 3.95% (four PIIs; P = 0.051), respectively, in line with the requirement of CP-AMPARs for MF-LTP induction (4) (Fig. S1 E and F) . Coapplication of LY367385/MPEP diminished synaptic Ca 2+ signals to 48.81 ± 4.86% of control (eight PIIs; P = 0.001; Fig. 4D ). This effect was enhanced when AMPARs and mGluRs were blocked simultaneously (13.77 ± 3.16% of control, nine PIIs; Fig. 4D ). Finally, Ca 2+ transients were almost entirely abolished by additional NMDAR blockade (3.22 ± 0.72% of control, six PIIs; Fig. 4D ). Thus, CP-AMPARs and mGluRs1/5 mediate most of the Ca 2+ influx at MF-PII contacts. Two major mGluRs1/5-operated Ca 2+ sources have been implicated in O/A interneuron LTP: internal Ca 2+ stores (24) and cation-permeable transient receptor potential channels (TRPCs) (22) . We examined their role in MF-LTP by loading PIIs with the Ca 2+ -sensitive dye Oregon Green BAPTA-1 [1,2-bis(oaminoethyl ether)-N,N,N′,N′-tetraacetic acid-1] (OGB-1) and puffapplied DHPG (100 μM for 20-100 ms) to basal PII dendrites (Fig. 4E) . Delayed long-lasting Ca 2+ transients were elicited (3.54 ± 0.49 s, stimulus onset to peak; nine PIIs; Fig. 4F ) propagating from the dendrite toward the soma. They were markedly reduced by either MPEP or LY367385 (to 18.2 ± 7.45% and 6.38 ± 1.97% of control response integral, respectively; four PIIs each; Fig. 4 F and G) . Each antagonist blocked >80% of the DHPG-evoked signal, and coapplication of both had no added effect (4.36 ± 0.94% of control; Fig. 4G ), implying convergence of mGluR1 and mGluR5 on a common signaling cascade. Bath application of the TRPC and T-type VDCC blocker SKF96365 hydrochloride (SKF; 30 μM) and depletion of intracellular Ca stores with cyclopiazonic acid (CPA; 30 μM) significantly reduced DHPG-evoked Ca 2+ signals (SKF: 42.68 ± 10.87% of control, six PIIs; P = 0.003 and CPA: 34.47 ± 11.4% of control, four PIIs; P = 0.01; Fig. 4G ), and coapplication of both blockers drastically attenuated them (24.0 ± 11.02% of control, five PIIs; P = 0.002; Fig. 4G ). However, MF-LTP was unaltered in the presence of both drugs (156.82 ± 24.35% of baseline, four PIIs; P = 0.73; Fig. 4H) . Similarly, blockade of L-, R-, and T-type VDCCs (21) with nimodipine (10 μM) and Ni 2+ (50 μM) left LTP unchanged (164.72 ± 21.33%; P = 0.66; Fig. S3B ), consistent with their low overall contribution to aBFS-evoked Ca 2+ signals (Fig. S5H) . Thus, mGluR-evoked Ca 2+ signals provide a reliable readout for mGluR activation during an aBFS but are themselves dispensable for LTP induction.
MF-LTP Requires PKC Activation by Group I mGluR-Mediated G Protein
Signaling. MGluRs could contribute to MF-LTP via G proteinactivated cascades. Indeed, aBFS protocols failed to induce MF-LTP when PIIs were dialyzed with the nonhydrolyzable GDP analog GDP-β-s (0.5 mM, 98.49 ± 8.13% of baseline, seven PIIs; P = 0.8; Fig. 4H) . A plausible target of G protein-coupled molecular cascades is PKC. We therefore examined its role in synaptic plasticity by intracellular loading of PIIs with the inactivating PKC pseudosubstrate PKC 19-36 (10 μM). The aBFS failed to evoke LTP (77.37 ± 7.28% of baseline, nine PIIs; P = 0.074; Fig. 4I ). Thus, mGluR-driven PKC activation via G proteins seems to be required for MF-LTP. (22) . To test whether this property applies to DG PIIs, we determined the relation between mGluRs1/5-mediated Ca 2+ rises induced by DHPG puffs and the PII membrane holding potential (ΔF/V; Fig. 5A ). Consistent with a voltage dependence, the largest Ca 2+ inflow was evoked at −40 mV near PII spike threshold (V thres ; −38 ± 1.0 mV, 20 PIIs) but declined at more depolarized values (Fig. 5B) . This ΔF/V relationship, however, raised the question of whether overshooting APs will facilitate or reduce mGluR signaling during LTP induction. To address this question, we first tested whether summation of Ca 2+ signals from MF-EPSCs (nBFS) and postsynaptic APs was linear, reduced, or enhanced during an aBFS. We defined the linearity index of Ca 2+ signals as the ratio between the sum of nBFS-and spike burst-induced Ca 2+ transients and the ones induced by the aBFS. It was 94.42 ± 1.96% (28 PIIs; P = 0.01), showing a sublinear summation of MFand spike-mediated Ca 2+ transients during the aBFS, which may be explained by inward rectification of CP-AMPARs (4, 22) . Indeed, after AMPAR blockade with CNQX, sublinearity was abolished (109.1 ± 7.12%, eight PIIs; P = 0.016; Fig. 5D ) and changed to mild supralinearity with additional block of NMDARs (111.73 ± 3.41%, six PIIs; P = 0.024; Fig. 5 C and D) . To test whether supralinearity was mGluRs1/5-dependent, we added LY367385 and MPEP to the bath, which resulted in a drop of the linearity index back to 91.24 ± 2.52% (six PIIs; P = 0.006; Fig. 5 C and D) , implying a facilitating effect of APs on mGluR activity (25) .
In summary, CP-AMPARs are negatively modulated by PII spikes, as indicated by sublinear Ca 2+ signal summation, whereas mGluRs are positively modulated, as shown by their supralinearity. Accordingly, boosting of signaling of mGluRs1/5 via APs is a plausible switch enabling MF-LTP induction.
Discussion
Our results demonstrate that Hebbian LTP at MF-PII synapses is induced by a signaling cascade involving postsynaptic group I mGluR-released G proteins and CP-AMPAR-mediated Ca 2+ rise, which jointly activate PKC. First, we show that mGluRs1/5 are localized peri-and extrasynaptically at MF-PII synapses. This localization fits with perisynaptic expression of mGluRs1/5 in hippocampal PCs and non-PCs (19) and previous single-cell RT-PCR studies in fast-spiking interneurons (17, but see refs. 14, 15) . Second, we show that Ca 2+ signals needed for LTP induction are largely mediated by CP-AMPARs and less by NMDARs, mGluRs1/5, VDCCs, or Ca 2+ release from internal stores (Fig. 4 and Fig. S5 ). This fits with our finding that CPAMPARs (Fig. S1 ), but not NMDARs (4), VDCCs, or mGluRmediated Ca 2+ signals, are required for MF-LTP (Fig. 4J) . Plasticity is blocked when PIIs are loaded with BAPTA, but not with EGTA (3), indicating the need for strong focal postsynaptic Ca (Figs. 2 and 4) . Third, we provide evidence that a major mechanism underlying LTP induction involves PKC (Fig. 4I) , which is activated by Ca 2+ and G protein signaling via phospholipase C and diacylglycerol (26) . Our results are in contrast to results found with CA1 PIIs, where mGluR-evoked endocannabinoid release induces LTD (27) , a mechanism that is absent at MF-PII synapses, very likely due to the lack of presynaptic cannabinoid receptors (28) .
Pharmacological activation of mGluRs1/5 alone or paired with postsynaptic APs did not induce LTP. However, blocking mGluRs1/5 results in a loss of MF-LTP (Fig. 3) , and activation of both receptors abolished MF-LTD, implying that mGluRs1/5 recruitment gates PIIs into a readiness mode to promote LTP induction. This gating is likely caused by spike-mediated boosting of mGluR1/5 activation (22, 25) . Indeed, ΔF/V of mGluRs1/5-evoked Ca 2+ signals showed a peak near V thres (Fig. 5B) . Although ΔF/V showed a decline at suprathreshold potentials, mGuR1/5-driven Ca 2+ signaling was supralinear during the aBFS, indicating that mGuR1/5 activation was facilitated. Thus, our results support the view that voltage-dependent facilitation of signaling of mGluRs1/5 cooperates with focal CP-AMPAR-gated Ca 2+ signals to mobilize PKC, and thereby induce MF-PII LTP (26) (Fig. 5E) . Removal of any of the components of this cascade results in a loss of LTP. Our findings are in contrast to recent investigations showing that activation of mGluRs1/5 alone induced LTP in stratum oriens interneurons and LTD at glutamatergic inputs onto distal dendrites of fast-spiking interneurons in CA1 (12) . This fact highlights the diversity of mechanisms underlying synaptic plasticity among cortical GABAergic cell types (13, 29) .
How does MF-PII LTP influence DG network function? The DG is thought to transform a rich entorhinal input into a sparse code for CA3. If GC activity is too low to recruit PIIs reliably, MF-LTD will emerge and make the DG network more responsive for entorhinal inputs. In contrast, strong inputs will recruit GCs to discharge at high frequency (20) , thereby resulting in activation of mGluRs1/5 by glutamate spillover and PII recruitment. Repeated activation of these GCs and associated PIIs will strengthen their coupling by MF-LTP, increasing the suppression of competing less excited GCs. An assembly of highly excited GCs and coupled PIIs will arise, reflecting the emergence of a memory trace in the DG.
Materials and Methods
Electrophysiology. Whole-cell recordings from rat hippocampal slices were performed as previously described (4) (SI Materials and Methods). All experiments involving animals were approved by the Regierungspräsidium Freiburg (license no. X10-18S and G11/19). We used two plasticity induction protocols: (i) nBFS (a 30-Hz burst of 25 APs in the presynaptic GC, repeated 12 times every 3 s with the postsynaptic PII voltage-clamped at −70 mV) and (ii) aBFS (same as for the nBFS but paired with postsynaptic APs with a 1-to 3-ms delay in the current-clamped PII) (Fig. S1B) .
Ca
2+ Imaging. Dendritic Ca 2+ signals were measured using a 2P galvoscanning microscope (Femto 2D; Femtonics) with a mode-locked Ti:sapphire laser (Chameleon Ultra II; Coherent) tuned to 800 nm and analyzed with Mes software (Femtonics). Signals were quantified as the peak of green fluorescence change (ΔG) normalized to the red channel (R 0 ). Slow DHPG-evoked Ca 2+ signals in OGB-1 (100 μM)-filled PIIs were acquired with a CCD-camera (Neuroccd; RedShirt Imaging) and quantified as the integral of green fluorescent change (ΔF) divided by OGB-1 baseline fluorescence (F 0 ). Details are provided in SI Materials and Methods.
Immunohistochemistry. Immunohistochemistry was performed as described (4, 18) . We used antibodies against PV (Swant) and mGluR1α or mGluR5 (both from Frontier Institute). Details are provided in SI Materials and Methods.
Data Analysis and Statistics. Details are provided in SI Materials and Methods.
